Apart from genetically determined factors, environmental factors also influence foetal growth and development. For supply of nutrients, the foetus is dependent on the nutrition from mother and the capacity of the placenta to transport nutrients[@ref1]. Maternal undernutrition (UN) and hyperglycaemia during pregnancy is reported to affect the development of foetus as a whole and foetal pancreas (endocrine) in particular. A reduction in maternal food intake or UN is known to cause elevations in glucocorticoid concentrations, which is critical for ensuring pancreatic architecture and survival, as well as for beta cell mass expansion[@ref2].

Foetal UN *in utero* and low birth weight/IUGR (Intra uterine growth retardation) have been linked to development of type-2 diabetes later in life[@ref3]. By adapting to a limited supply of nutrients, it has been suggested that the human foetus trades off the development of organs such as kidney (nephron mass) and pancreas (beta cell mass), in favour of more essential organs such as the brain. These developmental adaptations have been suggested to be the origins of a number of diseases in later life, and are thought to be consequences of foetal programming[@ref4]. The adaptations invoked in response to deficient maternal-placental nutrient supply have permanent effects on structure, physiology, and metabolism of organs, in general. Poor foetal nutrition leads to impaired pancreatic beta-cell function, which persists into adult life[@ref5]. It has been reported that regardless of the type of diet administered to the mother, calorie deficient/protein deficient/high fat diet, β-cell population was less in progeny and more vulnerable to oxidative stress[@ref6].

In humans, insulin secretion by β-cells of pancreas is seen by 18 wk of gestation[@ref7]. As per Barkers hypothesis of 'foetal origins of adult diseases', insulin resistance is also a long term eventuality due to altered intrauterine environment[@ref8]. Earlier studies on human foetal pancreas of IUGR at 34 wk showed reduced amount of total endocrine tissue as well as the number of insulin secreting β-cells[@ref9]. However, in another study, no such abnormalities were reported in IUGR foetuses where percentage of β-cells in islets was observed to be normal[@ref10]. Islet hypertrophy and hyperplasia of β-cells are typical features of foetuses born to diabetic mothers[@ref7], but undernutrition leading to the same is controversial.

Therefore, we hypothesized that human maternal UN, if accompanied by impaired glucose tolerance, would affect the foetal pancreatic development *in utero* and thus compromise the morphology as well as function. Hence, in the present study, an attempt was made to determine the association of maternal body mass index (BMI) as a function of nutritional status on foetal pancreatic development, islets and their insulin content in normal aborted human foetuses at 16-20 wk of pregnancy.

Material & Methods {#sec1-1}
==================

The study was carried out during 2006-2008 at the National Institute of Nutrition, Hyderabad, and aborted foetuses were collected from the Government Institute of Women and Child Health, Hyderabad, India, catering to low and middle class population. Ethical clearance was obtained from Institutional Human Ethics Committee of the hospital and National Institute of Nutrition, Hyderabad. Human foetuses of gestational age between 16-20 wk were collected from uncomplicated MTPs (medically terminated pregnancies). All the requisite procedures as per the MTP Act, 2002[@ref11] were followed (including informed consent).

Exclusion criteria for the study were *(i)* mothers with bad obstetric history, diabetes or any other chronic disease, and *(ii)* MTPs conducted for congenital/genetic abnormalities in foetus.

On admission to the hospital, maternal weight and height were recorded as per standard anthropometric procedures using calibrated height and weighing instruments. Body mass index (BMI) of mothers were calculated[@ref12] and categorized as undernourished (UN) (BMI \<18.5 kg/m^2^) and adequately nourished (AN) (BMI \>18.5 kg/m^2^), respectively. A total of 14 foetal samples were obtained during the 24 month study period, of which 6 were from UN and other eight belonged to AN group.

Three ml of venous blood was collected from ante-cubital vein prior to conducting MTP, for haemoglobin (Hb) and fasting blood sugar (FBS) estimations, to assess the general health and glycaemic status of the mother. Hb was estimated by cyanmethhaemoglobin method[@ref13] and FBS by glucose oxidase peroxidase method using a kit (Biosystems, USA).

MTP was done by a qualified obstetrician and extra-amniotic instillation of ethacridine lactate method of evacuation was employed for second trimester. All the necessary pre- and post-operative precautions were followed during the procedure as per the protocol[@ref14].

The foetus obtained after MTP was immediately washed to remove blood clots/mucus. Bouins fluid (10-20 ml containing picric acid, formalin and glacial acetic acid)[@ref15] was injected intra-abdominally depending on the size of the foetus. The entire foetus was put into a container having 10 per cent neutral buffered formalin for fixation and transported immediately.

On the following day after overnight fixation, the foetus was retrieved and the pancreas was dissected out measured (length, width and thickness) and subsequently segregated into head, body and tail regions. Each part was fixed in Bouins fluid further for 6 h and processed separately after washing in 70 per cent isopropylalcohol (twice) to remove excess of fixative/till yellow colour was removed. Further processing was done as per standard protocol to obtain paraffin sections.

From each region (*i.e*. head, body & tail) of individual pancreas, an average of 150 serial paraffin sections of 4μ thickness were obtained and thus a total of 450 sections were obtained from each pancreatic specimen. After standardization of various islet parameters in each section, it was found that evaluation of every fifth section would be adequate for histopathology analysis without any compromise on the quality of data obtained. Thus, at the end, an average of 30 paraffin sections were studied for each region (head, body & tail) of an individual pancreas. *i.e*. total 90 sections per pancreas.

Haematoxylin and eosin (H&E [Fig. 1](#F1){ref-type="fig"}) as well as Masson trichrome ([Fig. 2](#F2){ref-type="fig"}) stained sections of each region were studied and morphometric estimates were done at 10X magnification using an ocular grid. (LEITZ DIAPLAN, USA).

![Photomicrograph of pancreas showing acini, ducts and islets (Arrow). H & E X 100.](IJMR-137-302-g001){#F1}

![Photomicrograph of pancreas showing acini, ducts and islets (darkly stained - Arrow). Masson trichrome X 100.](IJMR-137-302-g002){#F2}

Mean area of each of the 30 sections from head, body and tail regions was taken and the pancreatic volume was estimated by multiplying with total thickness. The number of acinar cells (exocrine pancreas) per unit area was also determined. The number of islets was counted for each pancreas sample and total numbers noted. Each islet was then marked in all the 30 sections and followed through. Each individual islet length, width and thickness were counted to obtain the area and volume. Islets with more than 10 cells were considered as fully formed islets and counted. Smaller islets were also noticed (Image-Pro Plus Version 6.2, USA).

*Immunohistochemistry (IHC) study*: This was done for insulin presence and β-cell estimates on 4 μ paraffin sections, taken on gelatin coated slides. From each region of a pancreatic sample (head, body and tail), three sections were studied. The staining was done with anti-insulin monoclonal antibodies (Sigma Aldrich LifeSciences, USA). Briefly, the sections were deparaffinized and hydrated following which proteinase, 3 per cent hydrogen peroxide and bovine serum albumin were applied before monoclonal primary antibody was applied at 1:800 dilution and secondary antibody (from goat) at 1:20 dilution. This was followed by addition of substrate DAB (di-amino benzidine), counterstaining with haematoxylin, clearing and mounting the slides with DPX for analysis. It was observed that apart from fully formed islets (\>10 cells per islet) there were numerous others also, *i.e*. micro/mini islets having \<10 cells ([Fig. 3](#F3){ref-type="fig"}).

![Low BMI subject - Photomicrograph of pancreas showing fully formed islets (Thick arrow) and micro islets with insulin (dark brown stain - Thin arrow). IHC × 100.](IJMR-137-302-g003){#F3}

*Statistical analysis*: Descriptive statistics such as mean and standard deviations were calculated for all the variables studied. Comparison of mean values of all the variables was studied between UN and AN mothers using parametric statistics (Student\'s 't' test) and nonparametric statistics (Mann- Whitney "U" test). Pearson correlations were calculated between all the variables.

Results {#sec1-2}
=======

The mean (± standard deviation) BMI in all the 14 subjects of the study (AN -8, UN -6) was 20.2 ± 3.4 kg/m^2^ while the mean gestational age was 17.8 ± 1.6 wk. The mean haemoglobin and fasting blood sugar values were 9.98 ± 2.2 g/dl and 76.0 ± 28.1 mg/dl, respectively. The mean age of AN mothers was 26.87 ± 6.26 yr while that of UN mothers was 21.66 ± 2.94 yr.

Between UN and AN groups, the pancreatic parameters were comparable and no statistically significant differences were seen except the mean islet volume per pancreas was significantly low (*P*\<0.01) in pancreas of UN mothers as compared to AN mothers ([Table I](#T1){ref-type="table"}).

###### 

Foetal exocrine and endocrine pancreas parameters

![](IJMR-137-302-g004)

Among the maternal parameters studied, weight of the mothers correlated with pancreatic (r=0.59) and islet volume (r=0.55) significantly (*P*\<0.05) while only gestational age correlated with islet volume significantly (r=0.64; *P*\<0.05) ([Table II](#T2){ref-type="table"}).

###### 

Correlation values of maternal parameters with foetal parameters
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The mean values of pancreatic volume and islet volume were comparable. However, there were significant correlations between total volume of pancreas with islet count (r=0.65; *P*\<0.05), mean islet area (r=0.54; *P*\<0.05) and mean islet volume (r=0.67; *P*\<0.01). Also, islet count of pancreas correlated significantly with number of fully formed islets (r=0.58; *P*\<0.05). Mean islet area showed significant correlation with islet volume (r=0.90; *P*\<0.01) while number of fully formed islets correlated significantly with number of β-cells per unit area (r=0.63; *P*\<0.05) and number of β-cells per unit area with ratio of β-cells to acinar cells (r=0.62; *P*\<0.05), respectively ([Table III](#T3){ref-type="table"}).

###### 

Correlation matrix of various foetal pancreatic parameters (pooled data)
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Discussion {#sec1-3}
==========

Nutritional and other factors determining foetal and infant growth influence the size and function of adult pancreatic cell development. It has been reported in an earlier human study that a simple parameter like maternal haemoglobin concentration in the first trimester, has an effect on the foetus and pregnancy outcome and 50 per cent of mothers were anaemic[@ref16]. In the present study, all mothers were moderately anaemic. The nutritional profile/status of the mother was not looked into specifically by standard scientific means. It has been reported in human studies that BMI directly correlated with β-cell volume and mass in diabetic patients[@ref17][@ref18]. In the present study, significant correlations were observed between maternal BMI and gestational age and islet volume of foetus. However, there were no significant differences between the mean values of foetal parameters of UN and AN mothers.

Maternal food restriction during pregnancy showed foetal β-cell mass reduction by 70 per cent in rats and subsequent re-nutrition did not help in restoring the same[@ref19]. In another study in adult rats, by maternal food restriction, there was reduced insulin content of pancreas and β-cell granulation decreased and this was reflected as circulating levels of insulin being 50 per cent of normal values[@ref20]. A similar observation was made in foetuses born to human diabetic mothers[@ref7].

Significant correlations observed between total pancreatic volume with islet count, area and volume have been reported earlier in rats and hamsters[@ref21] and agree with the report that physiological growth of islet mass is mainly caused by proportional growth of existing islets[@ref21]. The number of fully formed islets as an indicator of the functional maturity and their correlation to number of β-cells per unit area as well as islet cell count were also documented earlier in animal studies[@ref22]. It has been reported that mice fed on low protein diet had smaller islet size and impaired insulin release[@ref23]. It has been shown in diabetic pregnant rats, that islet cell mass increase was due to increase in number of very small islets, suggesting β-cell neogenesis rather than replication[@ref24]. In the present study, small islets, as detected by IHC were indicative of possible neogenesis and differentiation, as reported earlier in hamsters[@ref25].

The insulin content in human pancreas (in diabetes) was earlier reported to be reduced as compared to normals while in our study, β-cell counts (and insulin content) were comparable between UN and AN groups. Another study looked into quantitative morphology of all different endocrine cells only (ά, β, and δ) in the head and tail parts by immunohistochemistry and not the entire pancreas[@ref26].

The total pancreatic volume, islet count per pancreas, number of acinar cells and ratio of β to acinar cells were lesser in UN group compared to AN group. Specific islet parameters like mean area, volume, density and number of β-cells were comparable. The number of fully formed islets was surprisingly more in UN group compared to AN group. This could indicate that the foetal pancreas was probably spared during nutritional insult and would maintain insulin homeostasis.

The limitations of this preliminary study include the small sample size and the inability to match the gestational ages of mothers in UN and AN groups, homogeneity of the groups, anaemia and micronutrient deficiencies which are prevalent in the low socio-economic groups in India. Even though the mean values of parameters studied were comparable between the groups, positive correlations were seen with respect to some pancreatic parameters. No significant differences were observed in our study and this could be due to the small sample size. A larger well designed study would perhaps throw light and provide better understanding of the same.

The findings in our study are in consonance with an earlier study done wherein underfeeding of rat mothers during the first trimester of gestation did not alter insulin action and insulin secretion in the progeny[@ref27]. Even though it is known that most organ development in humans is completed in the first trimester of pregnancy, it appears that the *in utero* environment has not been affected by maternal undernourishment so as to effect a change in the foetal pancreatic development or its insulin producing capacity. Possibly, improved nutrition in mid-pregnancy may prevent disease burden in later life for the mother and foetus as well.
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